Abstract
G protein-coupled receptors (GPCRs) regulate cellular signalling through heterotrimeric G proteins and arrestins in response to an array of extracellular stimuli. Structure determination of GPCRs in an active conformation bound to intracellular signalling proteins has proved to be highly challenging. Nonetheless, three new structures of GPCRs in an active state have been published during the last year, namely the adenosine A 2A receptor (A 2A R) bound to an engineered G protein, opsin bound to visual arrestin and the µ opioid receptor (µOR) bound to a G protein-mimicking nanobody. These structures have provided novel insight into the sequence of events leading to GPCR activation, and have highlighted both similarities and differences in the structure of the interface between GPCRs and different signalling proteins.
Introduction
The most significant development in G protein-coupled receptor (GPCR) structural biology in recent years has been the crystallisation of receptors in an active state, i.e. the conformation of the receptor when it is coupled to a cytoplasmic signalling partner such as a G protein or arrestin (Figure 1) . This has been possible only by co-crystallisation of the receptor with a binding partner that stabilises the active conformation ( Figure 1 ). However, due to the technical challenges of working with native signalling complexes, a number of novel G protein-mimicking surrogates have been developed to simplify crystallisation of GPCRs in their active state. At present, six different binding partners have been used (Table 1) : (1) the C-terminal peptide (GaCT) from the G protein transducin a-subunit [1] [2] [3] [4] [5] [6] [7] ; (2) single chain camelid antibodies (nanobodies; Nb) raised against specific GPCRs [8] [9] [10] [11] [12] ; (3) the heterotrimeric G protein G s , composed of Ga s , b 1 and g 2 subunits, and stabilised by a nanobody (Nb35) [13] ; (4) the finger loop peptide from visual arrestin [14] ; (5) visual arrestin [15] ; (6) an engineered minimal G protein, mini-G s , composed of a single domain from the Ga s subunit [16] . The first active state structure of a GPCR solved was that of opsin complexed with GaCT, published in 2008 [5] . In 2011 the structure of the b 2 adrenergic receptor (b 2 AR) was determined in complex with either a nanobody [10] or heterotrimeric G s [13] . Since then three additional GPCRs have been determined in their active state, namely the muscarinic acetylcholine receptor M2 [9] , µ opioid receptor (µOR) [8] , and most recently, the adenosine A 2A receptor
This review will focus on structures of GPCRs in their active conformation, therefore, we must start by defining what constitutes the active state. From a structural perspective, the conformational changes that occur within the core of the receptor upon coupling to a cytoplasmic binding partner appear to be the best marker of activation. In particular, there is a characteristic rearrangement of three highly conserved residues, Tyr 
Conformational changes involved in A 2A R activation
In 2011 two structures of agonist-bound A 2A R were solved [19, 21] , which showed significant conformational differences compared to either the antagonist or inverse agonist-bound inactive states [23] [24] [25] (Figure 2 [19] [20] [21] directly correlates to one of these species.
The structure of A 2A R bound to mini-G s completes a series of structures ( Figure 2 ) from the inactive state [22] [23] [24] [25] , through an intermediate-active conformation [19] [20] [21] [16], which generates a cavity on the cytoplasmic surface of the receptor that engages the a5 helix of Ga s .
Rotamer changes in Tyr197 5.58 , Tyr288 7.53 and Arg102 3.50 position these side chains to occupy the space generated by the outward movement of H6 ( Figure 2 ). Thus, rearrangement of these residues appears to stabilise the receptor in its active conformation by improving packing in the core of the transmembrane bundle, furthermore, the extended conformation of Arg102 [50] ) and the active G s bound conformation (cyan; PDB ID 3SN6 [13] Residues that form direct contacts are shown as sticks, and direct interactions are shown as dashed lines (only the closest contact to each residue is shown and all are less than 3.9 Å).
